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Abstract 
The National Renewable Energy Laboratory is developing a thermal energy storage (TES) system that uses solid particles as the 
storage medium for a concentrating solar power plant. This paper focuses on the particle-TES performance in terms of three 
efficiency metrics: first-law efficiency, second-law efficiency, and storage effectiveness. The paper presents the derivation of the 
efficiency expression and their application in assessing the particle-TES performance and design. The particle-TES system uses 
low-cost stable materials that withstand high temperature at a fraction of the cost of the salt and metal containment vessels for 
high-temperature TES. Cost analysis indicates that particle TES costs less than $10/kWhth, which is less than half the cost of the 
current molten-salt-based TES and just a fraction of liquid heat transfer fluid storage at a similar high temperature of >700°C, 
due to its low cost of storage medium and containment. The fluidized-bed TES can hold hot particles of > 800°C with >95% 
exergetic efficiency, storage effectiveness, and thermal efficiency. 
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1. Introduction 
This work estimated the cost and performance for a novel concentrating solar power (CSP) technology that uses 
gas/solid two-phase flow as the heat-transfer fluid and separated solid particles as the storage medium. The gas/solid 
particle system uses fluidized-bed technology for heat exchange and packed particles for TES. When the particle-
TES is implemented in the fluidized-bed (FB)-CSP plant, the hot-solid particles discharge from the TES hot silo to 
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the FB-heat exchanger for power generation. The separated cold particles back from the power system circulate 
through a particle receiver for solar heat absorption and for charging the particle-TES. This paper presents the 
performance and design considerations for particle-TES that is integrated with a FB-CSP system. The particle-TES 
concept, if successfully implemented at scale, has significant advantages over the state-of-the-art two-tank molten-
salt TES system.  
CSP technologies that use various heat transfer fluids (HTFs), TES, and power cycles have been considered [1–
16]; however, certain technology, performance, cost, or manufacturing hurdles hinder their use in CSP plants. 
Current state-of-the-art TES technology uses a two-tank salt system, where “hot” and “cold” tanks store the liquid 
salts separately. This system is used because the components associated with molten-salt handling—pumps, valves, 
tanks, and heat exchangers—are available at commercial scale for nitrate salts (NaNO3 and KNO3) within the salt-
applicable temperature [2,3]. In a two-tank CSP system, salt flows from the cold tank to the solar receiver, is heated, 
and enters the hot tank. During power generation, hot salt flows to a steam generator and returns to the cold tank. 
The use of FB technology and gas/solid two-phase flow to substitute for a liquid HTF provides a new approach to 
CSP thermal system design that can overcome many issues facing the current molten-salt-based CSP plant design, 
namely: salt freezing at low temperature, salt stability for high-temperature operation to support a high-efficiency 
power cycle, material compatibility with high-temperature containment, and high cost of both the salt and high-
temperature metal structure. The particle-TES system avoids the issues of molten-salt TES with high-temperature 
stability (>650°C), low freezing point (<0°C), and material compatibility with high-temperature metal and non-metal 
materials (>650°C) at a reduced cost. The FB-CSP thermal system advances CSP thermal energy conversion and 
thermal storage with significant benefits in both plant cost and performance. 
The FB-CSP thermal system has the potential for rapid deployment after a successful particle-receiver 
development, because the system leverages significant technology achievements in FB-boiler design and 
manufacturing approaches for a conventional power plant. The FB-CSP thermal system has high potential to 
transform CSP from the current expensive, performance-restricted, molten-salt-based CSP system to a low-cost, 
high-performance solar power plant to serve the U.S. Department of Energy (DOE) SunShot Initiative goals as well 
as broad solar-energy deployment. 
2. FB – CSP system integration 
Figure 1 shows a schematic of a FB-CSP system integrated in a CSP plant. The FB thermal system uses sensible 
heat of the solid particles for thermal energy storage, and has the ability to incorporate latent and thermochemical 
heat storage. The hot particles can be fluidized by compressed gas in a fluidized-bed (FB) heat exchanger, and the 
thermal energy is used for power generation as shown in Figure 1. Virtually any stable solid particles with good 
fluidization ability can be used as the storage media in the particle-TES. In practice, selection of particles needs to 
consider their stability, cost, material properties, performance of fluidization and flowability, design knowledge on 
heat transfer and heat exchanger, and material handling and equipment availability. In addition, the following factors 
are also considered in selecting solid particles for the particle-TES system: 
x Consider factors regarding the overall FB-CSP thermal system performance, stability, and energy density. The 
particle properties relating to those factors are composition, softening temperature, density, heat capacity, 
particle size, and void fraction. 
x Select appropriate particle sizes. Particle size is not sensitive for particle storage, but it is important for heat 
transfer, i.e., particle-receiver and heat-exchanger performance. Small particle size usually obtains a higher heat-
transfer coefficient. 
x Eventually, determine the particle size and density based on the FB-boiler manufacturer’s gas/solid separator 
performance characteristics. 
 
Figure 1 depicts the particle TES with the FB-heat exchanger integrated in a CSP plant with a tower solar field. 
The integrated FB-CSP system can drive different power-generation methods including a steam-Rankine power 
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cycle, or a high-efficiency supercritical carbon dioxide (s-CO2)-Brayton power cycle. This paper focuses only on the
performance analysis for a particle TES based on the TES performance metrics described in each section. The TES
system assumes hot particles falling from a particle receiver on the tower top, and depleting from the bottom of a hot 
silo to the FB-heat exchanger. With the FB-CSP configuration in Figure 1, the cold particles out of the FB-heat
exchanger reach top of the cold silo and free fall into it. The gravity-driven particle flow avoids parasitic losses in
the TES system, although the particle lifting power and FB-heat exchanger parasitic power should be considered in 
the receiver and power block, respectively. This paper does not include the performance and design of particle 
receiver and FB-heat exchanger, which are under development separately. Therefore, the energy and exergy
balances are only about the particle-TES system without those parasitic consumptions by the receiver and FB-heat
exchanger. The FB-CSP system development leverages successful development experience from fluidization
technology and attains minimum technology risk. Solid-particle TES is part of a novel FB-CSP configuration with
unique particle-receiver and FB-heat-exchanger designs. The FB-CSP system provides high-temperature capability
to support future high-efficiency power cycles including s-CO2-Brayton or air-Brayton gas-turbine combined cycles.
The high-efficiency power cycles can improve the CSP economics over the current CSP plants in the field.
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Fig. 1. Fluidized-bed CSP system with thermal energy storage.
To serve for readily-realizable power system integration, our present analysis is still based on a conventional 100-
MWe steam plant with 42.5% cycle efficiency. Based on this power system assumption, we calculated 6-, 8-, 12-,
and 16-hour TES storage capacities. An estimate of material and labor indicates that the FB-TES cost could be $5–
7/kWhth, less than half of the DOE SunShot TES cost target of $15/kWhth. The cost number was derived from our
design work involving silo concrete structure, a foundation design based on the geological condition at Barstow,
California, the storage sand cost, and a preliminary insulation design. The cost estimate will be improved after
insulation design and further confirmation with the material supplier and silo builder in future development.
3. Thermal energy storage performance metrics
We use the TES performance metrics with respect to three efficiencies: storage effectiveness, first-law efficiency, 
and second-law efficiency. The first-law efficiency of TES measures thermal losses of the storage method. The
second-law efficiency reflects any reduction in exergy as storage is discharged with respect to charging conditions.
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The storage effectiveness accounts for the usable portion of the gross TES media load. By capturing all of these 
effects systematically, we can compare various TES technologies on an equal basis before conducting more detailed 
simulations of the component and CSP system. The simplified modeling approach also provides preliminary design 
parameters and TES sizing based on a storage capacity. The method is illustrated and combined with the assessment 
of the particle-TES in a FB-CSP system. 
3.1. Effectiveness of the FB-TES storage system  
The storage effectiveness of the storage tank is sometimes called the discharge efficiency (Yang and Garimella, 
[16]) or the storage fraction. The storage effectiveness accounts for usable storage out of the gross TES media load. 
For instance, in a two-tank storage system, about 20% of the hot- or cold-tank storage fluids often remain in the tank 
and cannot be used due to the required pump head and for the pump needing to be submerged in the liquid. For 
thermocline TES, it is determined by the usable portion of the stored fluid outside the mixed-temperature 
thermocline region. The effectiveness of storage can be written as: 
 
ߟ௘௙௙ ൌ
ܧ݊݁ݎ݃ݕܾ݈ܽ݁ݐ݋ܾ݁݀݅ݏ݄ܿܽݎ݃݁݀
ܶ݋ݐ݈ܽ݁݊݁ݎ݃ݕ݅݊ܶܧܵ  (1) 
 
 When factoring in the storage effectiveness, a storage tank needs to be oversized to accommodate the unusable 
residual thermal energy. 
 Heated particles from a solar receiver fall into the hot silos directly through a duct. The hot silo dispenses the 
hot particle, as needed, from a cone-shaped bottom and is controlled by a particle-flow valve. Therefore, all hot 
particles can drain from the hot silo, be used for power generation, and get 100% storage effectiveness. The hot 
particles circulate through a fluidized-bed heat exchanger and the separated cold particles fall into the cold silo. 
3.2. First-law efficiency of the FB-TES storage system 
 The first-law efficiency is essentially the heat loss during TES charging, discharging, and holding processes. It 
reflects the round-trip efficiency of the energy in and energy out of the TES. The first-law efficiency of TES systems, 
ηTES, I, can be defined as the ratio of the energy extracted from the storage to the energy stored in it, and can be 
written as: 
 
ߟ்ாௌǡூ ൌ
ܣܿݐݑ݈ܽ݁݊݁ݎ݃ݕ݀݅ݏ݄ܿܽݎ݃݁݀
ܵݐ݋ݎ݁݀ݐ݄݁ݎ݈݉ܽ݁݊݁ݎ݃ݕ  
 
ൌ ݉ ή ܥ ή ሺܶ െ ௖ܶሻ݉ ή ܥ ή ሺ ௛ܶ െ ௖ܶሻ 
(2) 
 
Where m is the total mass of the storage medium and m·C is the total heat capacity of the storage medium; Th is the 
maximum temperature at the end of the charging period; T is the discharging temperature; and Tc is the cold storage 
media temperature. The definition of the first-law efficiency is different from Bejan ([17], p.641), where Bejan 
describes an indirect TES, the relation between a heater and storage media. The particle-TES integrated with a 
particle receiver is a direct TES system; therefore, no intermediate heat exchanger would be needed in the storage 
tank, so the first-law loss is mainly due to thermal losses through the storage-tank walls. 
 Heat loss of the TES tank consists of convection to the environment and conduction to the foundation, as shown 
in Figure 2, and summed in Eq. (3). The total loss is integrated over the storage time in Eq. (4).  
 
ሶܳ ௟௢௦௦ ൌ ሶܳ௖௢௡ௗǡ௙௢௨௡ௗ௔௧௜௢௡ ൅ න ݌ ή ݄ ή ሺ ௧ܶ௔௡௞ሺݔሻ െ ௘ܶ௡௩ሻ݀ݔ ൅ ሶܳ ௟௢௦௦ǡ௧௢௣
௅
଴
 
(3) 
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௟ܳ௢௦௦ǡ௧௢௧௔௟ ൌ න ሶܳ௟௢௦௦ ή ݀ݐ
௧೑
௧బ
(4)
For a round tank, the perimeter is ݌ ൌ ʹξߨܣ, and A is the tank cross-section area. The heat loss from the tank
side is integrated along the tank height, L, and first-law efficiency can alternatively be expressed as: ߟ்ாௌǡூ ൌ
௟ܳ௢௦௦ǡ௧௢௧௔௟ ்ܳாௌΤ .
Fig. 2. TES tank heat-loss paths; self-insulation simulation.
Table 1 lists the approximate concrete and refractory thermal conductivity range. The lower particle thermal
conductivity can eventually form a self-insulation layer when a thermal equilibrium is established. This self-
insulation layer can prevent further heat loss over the long term (more than a day) and maintain the hot-particle
temperature.
Table 1. Insulation effects comparison
Material Thermal Conductivity (W/m-K)
Particles, kp (sand/ash) 0.5–2 with void fraction of 0.3
Concrete, kc 0.7–2
Refractory lining, kr 0.2–1
Thermal insulation design for high-temperature TES is critical for both performance and cost. The storage of 
solid particles has many advantages over a liquid HTF by avoiding expensive alloys and potential corrosion
challenges. Insulation for particle TES will be designed in conjunction with containment to accommodate an
allowable concrete structure temperature. A high-temperature inner insulation liner may be used for the concrete
structure thermal/mechanical requirements. Well-insulated particle containment can be realized economically by
applying an exterior mineral-wool insulation layer after satisfying the applicable concrete temperature with inner
insulations liner or other high-temperature materials. Future work based on available insulation materials and the
need of system integration will detail the insulation design.
3.3. Exergetic efficiency of the FB-TES system
The particle TES in a FB-CSP system is sandwiched between a particle receiver and a heat exchanger for power
generation, as shown in Figure 3. If an intermediate heat exchanger between the HTF and the storage media is 
needed, the configuration is called as indirect TES. In direct TES, HTF is the same as the storage media; therefore,
no heat exchange in TES is needed. The direct TES does not incur heat-transfer exergy loss due to the absence of the
intermediate heat exchanger used for an indirect TES. The only possible temperature degradation is heat losses. The 
external irreversibility of the receiver and heat exchanger for the power system irreversibility should not be
accounted as TES exergy loss.
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 Exergy analyses involve several calculation steps, because no exergy property table is readily available. Our 
calculation refers to some analytical procedures [17, 18] and starts from basic definitions. According to Bejan ([17], 
1988, p.639), the measure of indirect TES irreversibility is the second-law effectiveness of the heat exchanger: 
 
ߟுா௑ǡூூ ൌ
ܧݔ݁ݎ݃ݕ݃ܽ݅݊݁݀ܾݕݐ݄݁ܿ݋݈݀ݏݐݎ݁ܽ݉
ܧݔ݁ݎ݃ݕ݀݋݊ܽݐ݁݀ܾݕݐ݄݁݄݋ݐݏݐݎ݁ܽ݉ 
(5) 
 
Then, the TES round-trip efficiency based on exergy is written as: 
 
ߟ்ாௌǡூூ ൌ ฬ
οܩௗ
οܩ௖ ฬ ൌ อ
൫οܪ െ ௥ܶ௘௙οܵ൯ௗ
൫οܪ െ ௥ܶ௘௙οܵ൯௖
อ (6) 
 
where subscripts c and d indicate TES charging and discharging processes, respectively. For an indirect storage 
system, ηTES,II is mainly impacted by the presence of the heat exchanger between the storage media and HTF—for 
instance, the oil-salt heat exchanger in a trough plant. The power system heat exchanger is between the TES and 
power cycle, and it is categorized as either balance of plant or power block. 
 
Fig. 3. Particle TES position in a FB-CSP system. 
 
 The second-law efficiency measures availability (exergy) conservation for the stored energy. The second-law 
energy conversion efficiency measures the energy-quality degradation due to both the difference in charging and 
discharging temperatures, and thermal losses [17]. It measures the conservation of exergy through the storage, i.e., 
the ability to generate the same amount of power from TES as from the original energy used to charge the system. 
Exergy transfer through a system is given as: 
 
οܩ ൌ οܪ െ ௥ܶ௘௙οܵ (7) 
  
where ΔG is the exergy change of the storage fluid, the enthalpy change is οܪ ൌ ܥ ή οܶǡ οܵ ൌ ܥ ή  మ்
భ்
 is its 
entropy change. Tref is the reference temperature close to ambient temperature, which is usually assumed to be 298 K 
(25°C) as a reference point.  
 Because of incorporating with a particle receiver, the FB-CSP system uses a direct TES system. Solid particles 
are heated directly in the particle receiver and then fall into the hot silo for storage, where the thermal storage 
temperature remains the particle temperature exiting the receiver. The particle-TES exergy analysis considers the 
exergy levels (temperature) of TES inlet particles vs. TES outlet particle temperatures. Assuming direct TES (i.e., 
no intermediate heat exchanger between HTF and storage media) and solid particles as both heat carrier and storage 
media, if there is no TES temperature drop from inlet to outlet particle temperatures, then: Tcharge = TTES  = Tdischarge, 
then the TES gets οܩௗ ൌ οܩ௖ǡ ߟ்ாௌǡூூ ൌ ͳߟ௣ǡூூ ൌ ͳ. For the particle-TES design presented in this paper, 
solid particles act as both heat carrier and storage media, and the system is well insulated with minimum thermal 
losses because of particle self-insulation and thick insulation layers. Thereby, theoretical exergetic efficiency could 
be 100% for a particle-TES. 
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 Taking into account all potential losses, Table 3 shows the details of the exergetic efficiency and losses for 
particle TES. The losses include thermal losses of particle temperature degradation in the self-insulation layer, 
which accounts for a mere 0.2%. A granular dispenser may cause an air-cooling effect that loses less than 0.1% of 
energy. The particle flows down to the silo through down comer may not have loss as silo is sealed and no cold gas 
could be carried down.  
 In a double-capacity design, once the cold silo is full, the cold particles can be contained in the hot/cold dual-
purpose silo, and only one cold silo needed. In this case, the hot/cold silo may be cooled by containing the cold 
particle and, consequently, cool the hot particles when hot particles feed in. There could be potential exergy 
degradation for those hot particles, and the effect is analyzed in the performance section. The loss in the hot silo 
when holding cold particles may be recoverable, so no exergy loss would be involved because the cold particles 
need to be heated anyway. Considering all losses, the total exergetic efficiency for the FB-TES still can reach 99%. 
Table 2. Possible exergetic losses for particle TES.  
Total loss 
sources 
Self-
insulation 
thickness 
Down-comer 
and dispenser 
air flow 
Hot silo to 
hold cold 
particles 
0.9% 0.2% 0.1% 0.7%,  
 Following the exergy definition of Eq. (6), we calculated the FB-TES exergetic efficiency for the power-
generation heat exchanger, and compared to a two-tank salt system. The exergetic efficiency for the power-
generation heat exchanger, ߟுா௑ǡூூ is shown in Table 4. The calculation is based on a steam power plant in Ref. [18] 
(p. 465) to provide the exergy values for the steam-generation system. We then used Eq. (6) to calculate the exergy 
of solid particles and salt. Table 3 shows the efficiencies relevant to integrating with a power cycle. 
 From the expressions of exergy change in Eq. (7), exergy, enthalpy, and entropy are functions of heat capacity 
temperature difference. Because the particle entropy change is small, the hot particles have higher exergy from their 
material properties with respect to a large temperature difference. The higher exergy (availability) in particle heat is 
due to its low heat capacity, resulting in a high availability for particle TES when comparing with salt as storage 
media. Table 3 shows the exergetic efficiency from TES to steam power generation is lower for particle due to its 
high availability. This efficiency is relevant to the power cycle efficiency and is different from the TES exergetic 
efficiency in that the efficiency is a ratio of exergy provided by the TES to the exergy consumed by the power 
generation. The lower ߟுா௑ǡூூ value indicates that the particle-TES has high exergy supply, but a low-efficiency 
power cycle could not fully use its availability potential. 
 From the definition in Eq. (5), exergy efficiency for the heat exchanger is dictated by the exergy transfer from 
hot to cold fluid, or exergy conservation during charging and discharging processes. The calculation uses the 
temperature values of both the hot and cold media. The increase in temperature in the high-temperature TES reduces 
flow rate and maintains the same total exergy. The increase in temperature in the particle-TES reduces the particle 
flow rate. If no destruction of exergy occurs in the heat exchanger, a TES can maintain a high exergy transfer to the 
working fluid and has the ability to achieve high exergetic efficiency. 
 The TES exergy level and exergetic efficiency determine TES capability in driving a power cycle efficiently. 
The degradation of exergy due to the difference between charging and discharging temperature can be expressed in: 
 
ߟ௖௔௥ ൌ ͳ െ ௅ܶ
ுܶ
ǡ ߟ௣ǡூூ ൌ
ͳ െ ௥ܶ௘௙
ௗܶ௜௦௖௛௔௥௚௘
ͳ െ ௥ܶ௘௙
௖ܶ௛௔௥௚௘
 
(8) 
Eq. (8) simply expresses the Carnot cycle efficiency, and 2nd-law efficiency due to the difference between 
charging and discharging temperatures. The drop in discharging temperature affects the ability in supporting high-
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efficiency power cycles. Table 3 compares power generation capability between the particle TES and molten-salt 
TES based on Carnot efficiency. 
Table 3. Comparison of exergetic efficiency from TES to steam power generation. 
 Particle-TES Molten-salt TES 
HTF T (°C) 840 560 
ߟுா௑ǡூூ (%) 78 83 
ߟ஼௔௥ (%) 73 64 
 
 The high-temperature TES provides the potential to obtain high Carnot-efficiency power cycles, as indicated in 
Eq. (8). This is the main benefit of the higher availability by high-temperature storage. The advantage of our 
particle-TES is its ability to drive high-temperature, high-efficiency power cycles with a potential Carnot efficiency 
of 73%, which is 9% higher than a 565°C salt-TES system. Achieving high efficiency relies on the high-efficiency 
power cycle to obtain high system efficiency. Economically, the larger temperature difference in a steam power 
generation system can effectively reduce the cost of an expensive superheater compared to a salt system. 
 In summary, the performance of the heat exchanger in the BOP for power generation depends on the power-
cycle characteristics. The HTF and storage temperatures are often limited by HTF and storage capability, and unable 
to maintain a high exergy level. A low exergy lever limits the TES ability to drive a high-efficiency power cycle 
even if the heat-exchanger exergetic efficiency is high. 
 The high-temperature capability of particle-TES provides the potential for high-efficiency power cycles. The 
high-temperature particle-TES enables high electric conversion efficiency. This is in contrast to a salt-TES system, 
which has a temperature cap of 560°C for certain high-temperature power cycle. The particle-TES may contribute 
directly to cycle performance, or reduce the size and cost of a power generation system. 
4. Conclusions 
 TES performance metrics in terms of first-law, second-law efficiencies, and storage effectiveness (or storage 
fraction) provide general measurement for TES design and analysis. The first-law efficiency reflects heat losses by 
the storage tank. The second-law efficiency indicates potential-energy conversion degradation through TES 
charging/discharging processes. Storage effectiveness gives the fraction of usable storage with respect to the total 
storage volume. Three efficiencies provide adequate performance metrics for preliminary TES design evaluations. 
We applied them for the new concept of fluidized-bed thermal energy storage. 
 The paper introduced a novel FB-CSP system using gas/solid two-phase flow to replace liquid salt or oil as 
HTF and solids as storage media. The materials used (ash, sand, refractory brick, and concrete) are stable, abundant, 
and low cost, assisting solar energy to meet the DOE SunShot cost goal. The TES can integrate with mature CFB 
technology for the tower system design. By collaborating with the FB-boiler manufacturer, we can develop a 
fluidization-based CSP thermal system by dramatically shortening the development cycle and reducing the risk. The 
success of the technology will be accelerated with integration of commercial fluidization technology, continued 
development and improvement of a solid-particle receiver, and system development of the FB-CSP plant. The FB-
CSP thermal system will be compatible with any power cycle. The technology development is low risk with high 
return to put the product in the field. 
 A CSP system that operates at 600°C to more than 1000°C is possible because of stable materials and 
minimized thermal losses due to thermal self-insulation of particles in the storage mode. The TES can hold large-
capacity thermal energy for a longer time period without the need for expensive metal alloys and insulation. The 
particle-TES cost in the range of $5–$7/kWhth is possible, and may achieve >75% cost reduction over the current 
TES—less than a quarter of the current TES cost estimated at $30/kWhth, or less than half of the SunShot CSP TES 
cost target of $15/kWhth—to meet the SunShot cost target on TES development. The FB-TES has the potential to 
support all types of power cycles, even for very high-temperature (>1000°C) needs. The uncertainty of insulation 
design and the associated cost may be resolved in future CSP system integration. 
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Nomenclature  
 
A Tank cross-section area, [m2] 
Bi Biot number, hl/k [–] 
c Heat capacity, [J/kg K] 
ds Filler particle size, [m] 
E,  Energy, [J/kg] 
fdef Fraction of defocus, [–] 
hf  Enthalpy per unit mass, [J/kg] 
h Convection heat transfer coefficient, [W/m2 K] 
k Thermal conductivity of the solid fill [W/m K] 
l Characteristic length of the solid fill [m] 
ሶ݉  Mass flow rate, [kg/s] 
ሶܳ ௗ௘௠ Thermal load demand, [W] 
ݍሶ஺ Available heat rate, [W] 
T Temperature, [K] 
V Volume, [m3] 
 
Greek letter: 
η Efficiency, [–] 
ρ Density, [kg/m3] 
ε Packed-bed void fraction, [–] 
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